The deuteron-to-proton polarization-transfer coefficients for d-p elastic scattering were precisely measured with an incoming deuteron energy of 135 MeV/ nucleon at the RIKEN Accelerator Research Facility. The data are compared to theoretical predictions based on exact solutions of the three-nucleon Faddeev equations with high-precision nucleon-nucleon forces combined with the current, most popular three-nucleon force (3NF) models: the 2-exchange Tucson-Melbourne model, a modification thereof based on chiral symmetry, TMЈ͑99͒, and the Urbana IX 3NF. Theory predicts large 3NF effects, especially in the angular range around the cross section minimum, predominantly for K xx yЈ − K yy yЈ ͑K xx yЈ , K yy yЈ ͒, but the present data only partially concurs with the calculations. For the induced polarization, P yЈ , the TMЈ͑99͒ and Urbana IX 3NFs reproduce the data, but the Tucson-Melbourne 3NF fails to describe the data. For the polarization-transfer coefficients, K y yЈ and K xz yЈ , the predicted 3NF effects are in drastic disagreement with the data. These facts clearly reveal the defects of the 3NF models currently used.
I. INTRODUCTION
A main interest of nuclear physics is to understand the forces acting between nuclear constituents. Few-nucleon systems offer unique opportunities to investigate these forces. Intensive theoretical and experimental efforts have established high-precision nucleon-nucleon (NN) potentials, partly based on one-meson exchange, partly on phenomenology, namely AV18 [1] , CDBonn [2] [3] [4] , Nijmegen I, II and 93 [5] . They reproduce a rich set of experimental NN data up to a laboratory energy of 350 MeV with very high precision, expressed in terms of 2 per data points of very close to one. However, these so-called realistic NN forces fail to predict the correct experimental binding energies of few-nucleon systems, resulting in a clear underbinding. For three-and four-nucleon systems, where exact solutions of the Schrödinger equation are available for these interactions, this underbinding amounts to 0.5-1 MeV in case of 3 H and 3 He, and to 2 -4 MeV for 4 He [6] . Also, for higher mass nuclei up to A = 10, where stochastic techniques have been applied, realistic NN forces fail to provide the measured binding energies [7, 8] , which is generally seen as the first indication of missing three-nucleon forces (3NFs) in the nuclear Hamiltonian. Presently, the common 3NF models are based on the 2-exchange between three nucleons, and the main ingredient is the ⌬-isobar excitation, initially proposed by Fujita and Miyazawa almost half a century ago [9] . Further improvements have led to the Tucson-Melbourne (TM) [10] and the Urbana IX 3NF [11] .The TM 3NF was recently updated and now respects chiral symmetry, as noted in Refs. [12, 13] . Therefore we will also use the newest version from [14] , called TMЈ͑99͒. One can simultaneously achieve the correct binding energies for the three-nucleon and four-nucleon systems by including the TM and Urbana IX 3NFs into the nuclear Hamiltonian. In addition, adding the Urbana IX 3NF, provides a fair description of the low energy bound-state energies up to A = 10 nuclei. Recently, this description has been significantly improved by augmenting the Hamiltonian by the Illinois 3NFs, which are based on three-pion exchanges with intermediate ⌬'s [15] .
The binding energies of s-shell nuclei show the significance of 3NFs, but they only constrain their overall strength. *Electronic address: kimiko@rarfaxp.riken.go.jp
The binding energies of p-shell nuclei provide additional features. In order to unambiguously clarify the detailed properties of 3NFs at least for a total isospin of T =1/2, the investigation of three-nucleon scattering processes is required. A rich set of energy dependent spin observables and differential cross sections are available for those reactions. Theoretical calculations based on several NN and 3N interaction models provide the theoretical guidance for selecting specific observables and energies, which will appropriately determine the 3NF properties. The rapid progress in supercomputer technology has made it possible to achieve numerically exact solutions for the Faddeev equations up to an incident nucleon laboratory energy of 200 MeV using present day twonucleon (2N) and three-nucleon (3N) potentials. The first clear signatures of 3NF effects in the 3N continuum came from a study of minima in the differential cross section for nucleon-deuteron ͑Nd͒ elastic scattering at incoming nucleon energies above Ϸ60 MeV [16] . Including the 2-exchange TM 3NF in the nuclear Hamiltonian removed a large part of the discrepancy between data and theoretical predictions. Calculations of Nd scattering in a coupled-channel approach, where ⌬-isobar degrees of freedom were explicitly included, supported this conclusion [17] . All these results confirm that Nd elastic scattering is a good tool for exploring the 3NF properties in this energy region.
The developments and progress in technology of highly polarized proton and deuteron ion sources and their application in recently constructed accelerators as well as new sophisticated techniques for target polarization, make it possible to obtain very precise data for the spin observables at high energies ͑E / A տ 60 MeV͒. Constructing highly efficient polarimeters has also allowed accurate measurements of spin polarization-transfer observables [18, 19] . In Refs. [18, 20, 21] we have reported precise data for the cross section and all deuteron analyzing powers for d-p elastic scattering at incoming deuteron energies of 70, 100, and 135 MeV/ nucleon. The data are compared with theoretical predictions based on various realistic NN potentials combined with different 3NFs, namely with the 2-exchange TM 3NF model, with a modification thereof, ͑TMЈ͒ [12, 13, 22] , with the Urbana IX 3NF, and with the phenomenological spin-orbit 3NF [23] . For almost all observables, clear discrepancies between the data and 2N force only predictions are found, especially in the cross section minima, which increase with incident deuteron energy. For the cross section, accounting for the 3NFs, essentially removes these discrepancies. For the deuteron vector analyzing power A y d , the 3NFs successfully explain the difference between the data and the 2N force only theoretical predictions. Note that adding TM 3NF reproduces the recent data for A y d and the spin-correlation coefficient C y,y at 197 MeV by Cadman et al. [24] . However, theoretical predictions that incorporate 3NFs (TM, TMЈ and Urbana IX 3NFs) do not reproduce the deuteron tensor analyzing power data. Recent proton vector analyzing power data have also revealed the deficiency of the 2-exchange TM 3NF model [24] [25] [26] [27] that yields large, incorrect effects. The Urbana IX and TMЈ 3NFs are much more successful and provide a better description [27, 28] .
In the present study, we extend our measurement to new observables, deuteron-to-proton ͑d
, and K xz yЈ at 135 MeV/ nucleon in the region of c.m. angles c.m. = 90°-180°. These spin-transfer coefficients are predicted to have strong sensitivities to the current 3NF models [28] . This is the first measurement of such polarization-transfer coefficients in this energy range ͑E / A տ 60 MeV͒. To the best of our knowledge, only proton-to-proton polarization-transfer coefficients have been measured, but at a much higher energy [19] . The present data will provide a sensitive test for the 3NF models in elastic d-p scattering below the pion production threshold energy.
In Sec. II the details of our experimental arrangement are presented. In Sec. III we provide a description of the data analysis and experimental results. In Sec. IV we briefly review the basics of the 3N scattering formalism and gives a short description of the 3NFs used in this study. Our experimental results are compared with the theoretical predictions in Sec. V, while Sec. VI contains the summary and conclusion.
II. EXPERIMENTAL PROCEDURE

A. Polarized deuteron beams and target
The experiments were performed at the RIKEN Accelerator Research Facility (RARF) using the SMART system [29] including the focal plane polarimeter DPOL [30] . The atomic beam type RIKEN polarized ion source [31] provided the vector and tensor polarized deuteron beams. In the present measurements the data were taken with the vector and tensor polarization modes of the polarized and unpolarized deuteron beams given in terms of the theoretical maximum polarization values as ͑P Z , P ZZ ͒ = ͑0,0͒, ͑0,−2͒, ͑−2/3,0͒ and ͑1/3,1͒. These polarization modes were cycled in 5-second intervals by switching the rf transition units of the ion source. The deuteron polarization axis was rotated by a spin rotation system Wien Filter [32] prior to acceleration. It was perpendicular to the scattering plane when measuring K y yЈ and K yy yЈ . For K xx yЈ , the rotation was performed into the scattering plane so that the polarization axis pointed sideways, perpendicular to the beam. For the K xz yЈ measurement, the spin symmetry axis was additionally rotated in the reaction plane and aligned at an angle ␤ to the beam direction. A typical value of ␤ was 131.6°± 0.2°. The beam polarization was monitored by d-p elastic scattering at 135 MeV/ nucleon and it was 60-80% of the theoretical maximum values throughout the measurement. Polyethylene ͑CH 2 ͒ with a thickness of 90-mg/ cm 2 or liquid hydrogen with a thickness of 20-mg/ cm 2 , employed as a hydrogen target ͑ 1 H͒ [33] , was bombarded with a beam intensity of 10-60 nA.
B. Beam-line polarimeter
Two sets of beam-line polarimeters monitored the beam polarization. The first, the D-room polarimeter, was installed downstream of the Ring cyclotron, which was used to determine the beam polarization after the deuterons were accelerated by the Ring cyclotron. The second, the Swinger polarimeter (see Fig. 1 ), was placed in front of the scattering chamber in the experimental room. Since the incident beam direction was rotated using the beam-swinger system of SMART, the polarization axis of the beam was precessed during the beam transportation from the D-room polarimeter to the target position. The Swinger polarimeter moved with the beam swinger so that this polarimeter could directly measure the beam polarization at the target. The beam polarization before and after each run was measured using the Swinger polarimeter.
The polarimetry was made by using the analyzing powers for d-p elastic scattering. To obtain the absolute values of the deuteron beam polarizations, the analyzing powers for d-p elastic scattering were calibrated by using the 12 C͑d , ␣͒ 10 B * ͓2 + ͔ reaction, the A yy ͑0°͒ of which is exactly −1 / 2 because of parity conservation [34] . A CH 2 sheet was the target for each polarimeter. The target thickness was 270-mg/ cm 2 for the D-room polarimeter and 90-mg/ cm 2 for the Swinger polarimeter. Each polarimeter consisted of four pairs of 1-cm thick plastic scintillators placed symmetrically in left, right, up and down directions. The scattered deuterons and recoil protons were detected in a kinematical coincidence. This setup reduced background events due to the deuteron breakup process or the inelastic scattering from carbon nuclei.
C. SMART system and focal plane polarimeter DPOL
The polarization-transfer measurement was performed using the SMART system [29] with the focal-plane polarimeter DPOL [30] (see Fig. 1 ). The polarized deuteron beam bombarded the hydrogen target placed in the scattering chamber. Recoil protons were momentum analyzed by the magnetic spectrograph and detected at its second focal plane (FP2 in Fig. 1 ). In the SMART system, the magnetic spectrograph was fixed to the ground and the incident beam direction was rotated by the Swinger magnet, leading to a vertical reaction plane.
The FP2 detector system consisted of a multi-wire drift chamber (MWDC1 in Fig. 2 ) and three plastic scintillation counters (SC1-3 in Fig. 2 ). The MWDC1 was used to reconstruct the trajectories of the particles at the FP2. The configuration of the wire planes was X-Y-XЈ-YЈ-XЈ-YЈ-X-Y and the coordinate frames were defined as follows. The z-axis referred to the central ray. The x-axis was perpendicular to the z-axis in the horizontal plane and the y-axis was taken as x ϫ ẑ. All position sensitive planes were normal to the z-axis and separated by a distance of 50 mm from adjacent planes. The planes with primes were displaced half a cell relative to the unprimed ones which helped solve the so-called left-right ambiguity. The cell size was 20 mmϫ 20 mm for the X-planes and 10 mmϫ 10 mm for the Y-planes. The plastic scintillation counters BICRON BC-408 of the size 108 mm H ϫ 800 mm W ϫ 5 mm T (SC1-3 in Fig. 2 ) were used to identify proton events scattered from the hydrogen target and to generate event triggers. The photo-multiplier tubes Hamamatsu H1161 were placed at both ends of the scintillators via light guides.
The proton polarization was measured by DPOL after momentum analysis in the magnetic spectrograph. The DPOL consisted of an analyzer target, a multi-wire drift chamber (MWDC2 in Fig. 2) , and a counter hodoscope system (HOD and c.m. in Fig. 2 ). The DPOL was primarily designed and optimized for the deuteron polarization measurements and then was modified to measure the proton polarization.
The polarimetry was made using p + C scattering. As an analyzer target, a 3-cm thick carbon plate was sandwiched between two plastic scintillation trigger counters (SC1 and SC2 in Fig. 2 ). The trajectories of the scattered protons from the p + C reaction were reconstructed by the MWDC2. The MWDC2 was 670 mm downstream from the exit window of the MWDC1 and had eight layers of sense-wire planes with
Here "f" and "r" denote the front and rear planes, respectively. The planes with primes were, again, displaced half a cell relative to the unprimed ones. The coordinate frame was defined as in the case of the MWDC1. The cell size was 14 mm ϫ 14 mm ͑15 mmϫ 15 mm͒ for the X f ͑X r ͒ planes and 14 mmϫ 14 mm͑16 mmϫ 16 mm͒ for the Y f ͑Y r ͒ planes. The number of cells was 64 for the X-planes and 32 for the Y-planes. Event triggers for proton events from the p + C reaction were generated by making a coincidence of the signals of the SC1-3 counters and those of the counter hodoscope system which was located 4 m downstream from the analyzer target. The angular range covered by the hodoscope system was ±15°both vertically and horizontally. The unscattered protons passed through the insensitive region between the upper and lower parts of the hodoscope. The front wall of the hodoscope (HOD in Fig. 2 ) was comprised of a layer of 28 segmented plastic scintillators, which were 2200-mm wide, 65-mm high and 65-mm thick. The light output signals from each HOD were read out by two photomultiplier tubes Hamamatsu H1161 that were directly coupled to each scintillator at both ends. The rear wall consisted of six plastic scintillators (c.m. in Fig. 2 ). Each c.m. counter was 2200-mm wide, 190-mm high and 10-mm thick. Two photo-multiplier tubes Hamamatsu H1161 were attached to both ends of each scintillation counter via light guides. In the angular range c.m. = 120°-180°for d-p elastic scattering, the c.m. counters were used to generate the p + C event triggers by taking the coincidence with the HOD and SC1-3 signals. However, for angles c.m. = 90°-110°the kinetic energies of the scattered protons were too low to allow them to reach the c.m. counters. Under these circumstances, the c.m. signals were not used as the event trigger.
Data acquisition was carried out with a fast dataacquisition system for the SMART spectrograph [35] . The data were accumulated in a VME memory module through the FERA bus and then DMA-transferred to a personal computer.
III. DATA ANALYSIS AND EXPERIMENTAL RESULTS
A. Polarization-transfer coefficients
Coordinate frame for the polarization observables at the SMART system
The coordinate frame for the polarization observables in the SMART system is defined according to the Madison convention [36] , shown in Fig. 3 . The z-axis is given by the beam direction. The y-axis is perpendicular to the reaction plane and the x-axis is defined by ŷ ϫ ẑ. The coordinate system ͑xЈ , yЈ , zЈ͒ for the polarization of the scattered protons is rotated through the dipole magnet of the SMART spectrograph into the coordinate system at FP2 ͑xЉ , yЉ , zЉ͒.
In Fig. 3 , ͕p ij ͖ is the vector or tensor deuteron beam polarization, p i Ј is the polarization of the scattered protons and p i Љ is the polarization of the scattered protons at FP2. In the present measurement, p y Љ was measured with the focal-plane polarimeter DPOL and p y Ј was extracted using p y Љ and the spin precession angle in the dipole magnets of the spectrometer (see Sec. III A 2).
Effective analyzing power measurement
The effective analyzing powers A y C of DPOL were calibrated at three proton energies 120, 144, and 200 MeV which almost covered the kinetic energy region of scattered protons for d-p elastic scattering ͑E p scatt. = 120-240 MeV͒. Since polarized proton beams were unavailable at RARF, the induced polarization P yЈ in the 12 C͑p , p ជ͒ 12 C elastic scattering was used to determine A y C . The analyzing powers A y for the time-reversed reaction 12 C͑p ជ , p͒ 12 C are equal to the induced polarizations P yЈ and were precisely measured at E p = 122 [37, 38] . For 200 MeV, the calibrations were performed by using the two spin modes of the polarized proton beams obtained by the 12 C͑p , p ជ͒ 12 C elastic scattering at lab. = 16.1°and 28.1°. The expected values of the polarizations P yЈ were 0.993 and −0.425 for the lab. = 16.1°and 28.1°, respectively. For 120 MeV, the calibration was performed at the angle lab. = 24.2°where the polarization of the proton beams was expected to be 0.715. Passing 200 MeV proton beams through a brass plate, which was in front of the MWDC1 just downstream of the exit window of the D2 magnet, reduced the energy to create 144 MeV polarized proton beams. A 284 -mg/ cm 2 thick graphite target in the SMART scattering chamber was bombarded by unpolarized proton beams and the scattered protons bombarded the polarization analyzer target. Since the yЉ-axis is in the horizontal plane in the SMART system (see Fig. 3 ), the up-down asymmetry was used to extract the effective analyzing power A y C . The A y C is given by
The numbers of events in the upper, N U , and lower, N D , side region are obtained as 
The spin-up ͑p y Љ + ; p y Љ Ͼ 0͒ and spin-down ͑p y Љ − ; p y Љ Ͻ 0͒ polarized proton beams used in the measurement together with the corresponding n U ± and n D ± provide the effective analyzing power A y C as
In the 120 MeV measurements, the data were collected with the one-mode polarized proton beams. Therefore, in the analysis we also used the data with unpolarized beams, which were obtained by directly tuning the incident proton beams onto the polarization analyzer target at the focal plane. Angular integrations in Eqs. (2) and (3) were performed over regions of polar and azimuthal angles of 5°ഛ ഛ 15°and ⌬ = 60°, respectively. The proton spin precessed around the vertical axis of the spectrometer and the spin precession angle with respect to the direction of the proton momentum is given in the moving frame by = ␥͑g /2−1͒⌰ D , where ␥ is the Lorentz factor ␥ = ͑m p c 2 + E p ͒ / m p c 2 , g is the spin g factor of the proton, and ⌰ D is the bending angle of the spectrometer. The total bending angle of the magnetic spectrograph is ⌰ D = 60°. Thus p y Љ is given as with open circles as a function of the proton energy at the center of the carbon plate E p C . Only the statistical errors are shown. The E p C was calculated by numerically integrating the energy loss per unit thickness described by the Bethe-Bloch equations. The energy dependent curve of A y C was obtained by fitting the effective analyzing powers calculated from the empirical-energy-dependent fit of the inclusive analyzing powers for p + C by McNaughton et al. [39] and the angular distributions of the differential cross section of Aprile-Giboni et al. [40] . The obtained curve was scaled to adjust the experimentally obtained A y C (the dotted curve in Fig. 4 ). The uncertainty of the input parameters for the p + C inclusive analyzing power [39] is 2%. The uncertainty of the fit for the energy dependent curve is 6%, in which the scaling factor has an uncertainty of 2%. Thus, the estimated overall systematic uncertainty of the effective analyzing power, A y C , of DPOL is 7%. By using the relation between the deuteron beam polarizations ͑P Z , P ZZ ͒ (see Sec. II A) and ͑p i , p lk ͒ given by the angles ͑␤ , ͒ [36] and the relation p y Љ = p y Ј cos (see Sec. III A 2), the polarized cross section for each polarizationtransfer coefficient given in Eqs. (11)- (13) is expressed as 
From the resulting values of p y Љ ͑i͒ for each spin-mode i (see Sec. II A), the P yЈ , V e , and T e values were calculated as
where
The induced polarization was obtained using
Eqs. (21) and (22), respectively, and the resulting values were consistent with each other within statistical accuracy. Finally, P ͓1͔ yЈ and P ͓2͔ yЈ averaged with the statistical weights were used to minimize the errors when determining the P yЈ value. Figure 5 shows the excitation energy spectra at the angles c.m. = 176.8°, 120.0°, and 90.0°obtained with the liquid hydrogen target. At c.m. = 176.8°, the portion of the spectrum due to the final-state interaction (FSI) of the d-p breakup reaction is clearly seen at energies E x տ 2 MeV and it is well separated from d-p elastic scattering events. The kinetic energy of the outgoing proton for d-p elastic scattering changes rapidly with scattering angle and the energy resolution deteriorates at forward angles in the c.m. system. Therefore, spectra due to elastic scattering and breakup reactions are not clearly separated at angles c.m. ഛ 140°(see the spectra for c.m. = 120°and 90°in Fig. 5 ). To reduce the background, only events in the hatched region were selected to obtain the polarization observables for d-p elastic scattering. The position of the hatched energy region did not include the energy region E x ജ 2 MeV, that is clearly dominated by the breakup reaction. To see the background contributions for energies E x ഛ 2 MeV, the polarization was obtained by changing the maximum energy value in the hatched energy region. The magnitude of the polarization values changed by 0.02 or less. Typically, an integration range E x ഛ 0.5 MeV was adopted to extract the final polarization observables.
The experimental results for the polarization-transfer coefficients (K y yЈ , K yy yЈ , K xx yЈ , and K xz yЈ ) and the induced proton polarization P yЈ are shown with open circles in Fig. 6 and are tabulated in Table I . Only the statistical uncertainties are shown and their magnitudes are less than 0.02 for P yЈ and less than 0.03 for all polarization-transfer coefficients (K y yЈ ,
The chance of the polarization-transfer coefficients due to the uncertainty of the bending angle of the spectrometer is less than 1%. The uncertainty of the effective analyzing power for DPOL is 7%. The deuteron beam polarizations have an uncertainty of less than 3%. The effect of the breakup reaction at angles c.m. ഛ 140 MeV, where the events were inseparable from the elastic ones, was 0.02. Therefore the systematic uncertainties associated with the breakup reaction did not override the statistical ones. The overall systematic uncertainties are estimated to be about 8% for the polarization-transfer coefficients and the induced polarization P yЈ . For the induced polarization P yЈ , our data were compared with the proton analyzing power A y p for p-d elastic scattering measured at KVI [27] (solid squares in Fig. 6 ). Assuming time-reversal invariance P yЈ =−A y p , and these two independent measurements agree with each other within the statistical uncertainties in the measured angular range c.m. = 90°-180°. Figure 6 shows the data obtained in the test measurement [18] (open circles) together with the present data. These two measurements are consistent, except for K yy yЈ at c.m. = 150°.
B. Analyzing powers
As described in Sec. II B, the analyzing powers for d-p elastic scattering were used to obtain the deuteron beam polarizations. Recently, to determine the absolute values of the beam polarizations, the analyzing powers for d-p elastic scattering were calibrated at six angles for deuteron energies of 70 and 135 MeV/ nucleon, by using the reaction [18] ). Solid squares on the P yЈ figure are the proton analyzing power data for the time-reversed reaction 2 H͑p ជ , p͒ 2 H (Ref. [27] ). The light shaded bands contain the NN force predictions (AV18, CDBonn, Nijmegen I, II and 93), and the dark shaded bands contain the combinations of the NN +TMЈ͑99͒ 3NF predictions as described in the text. The solid curve is the AV18+ Urbana IX 3NF prediction. 12 C͑d , ␣͒ 10 B * ͓2 + ͔ at 0° [34] . Tables II and III show the data. The previously reported data in Ref. [21] were not extracted with these new calibration data but with those obtained using the 12 C͑d ជ , p͒ 13 C reaction or 3 He͑d ជ , p͒ 4 He reaction at low energies [20, 41] . In the analysis in Ref. [21] , the analyzing power data at c.m. = 90.0°and 110.0°were used to determine the beam polarizations for 135 and 70 MeV/ nucleon, respectively. In Figs. 8 and 9 , the new calibration data of Ref. [34] are compared with the data of Refs. [20, 21] . Only the statistical errors are shown. These independent measurements, which used different methods to determine the beam polarizations, provide a reasonably good agreement at 135 MeV/ nucleon. However, there are systematic discrepancies at 70 MeV/ nucleon. This disagreement is due to the systematic uncertainties associated with the determination of the polarization axis (less than 5%) and the uncertainties in the magnitudes of the beam polarizations (less than 4%). The re-analyzed data at 70 MeV/ nucleon, which were obtained using the new calibration data are tabulated in Tables IV and  V 
IV. THEORETICAL FORMALISM AND DYNAMICAL INPUT
In this paper we study elastic Nd scattering with the initial state composed of a deuteron and a nucleon. The outgoing state Ј corresponds to a change of the outgoing nucleon momentum. Using the matrix element of the elastic scattering transition operator U which is defined as
the various spin observables and differential cross section can be calculated [36, 42] . The quantity G 0 is the free 3N propagator and P takes into account the identity of nucleons and is the sum of a cyclical and an anticyclical permutation of three nucleons. V 4 ͑1͒ represents one of the terms of the 3N force V 4 ,
where each V 4 ͑i͒ is symmetric under the exchange of the nucleons jk with j i k. In the 2-exchange 3NF, V 4 ͑1͒ is a contribution to the 3N potential from (off-shell) rescattering of a pion on nucleon 1. The first term in Eq. (27) is a single nucleon exchange contribution and is followed by a single interaction of three nucleons via the 3NF. The remaining part results from rescattering among three nucleons induced by two-and three-nucleon forces. All these rescatterings are summed up in the integral equation for the amplitude T [42, 43] ,
where the NN t-operator is denoted by t. After projecting on a partial-wave momentum-space basis this equation leads to a system of coupled integral equations which can be solved numerically exactly for any nuclear force. In this study we [21, 34] . Solid circles are the new calibration data of [34] while open squares and circles are the results presented in [21] . For the descriptions of bands and curves, see Fig. 6 . restricted our partial-wave basis taking all states with the total angular momenta j in the two-nucleon subsystem smaller than 6. This corresponds to a maximal number of 142 partial-wave states in the 3N system for each total angular momentum. For the energies of the present paper this provides convergent results for the elastic scattering observables. We checked that the convergence has been achieved by looking at the results obtained when j = 6 states have been included. This increases the number of states to 194. This convergence check was done without 3NF. The inclusion of the 3NF has been carried through for all total angular momenta of the 3N system up to J = 13/ 2 while the longer ranged 2N interactions require states up to J = 25/ 2. For the details of the formalism and the numerical performance we refer to Refs. [42, 44, 45] .
In this study predictions of different nuclear force models are shown. They consist of one of the NN forces: AV18, CDBonn, Nijmegen I, II and 93, and a 3NF. Each of the NN interactions was combined with the 2-exchange TM 3NF model [10] . The combinations use the cut-off parameter ⌳ in the strong form factor parametrization separately adjusted to the 3 H binding energy for the different NN forces [46] . The ⌳-values used with the AV18, CDBonn, Nijmegen I, II, and 93 potentials are ⌳ = 5.215, 4.856, 5.120, 5.072, and 5.212 (in units of m ), respectively. The standard parametrization of the TM 3NF was criticized in Refs. [12, 13, 47] since it violates chiral symmetry. A form more consistent with chiral symmetry was proposed by modifying the c-term of the TM force and absorbing the long range part of this term into the a-term and rejecting the rest of the c-term [12, 13] . This new form is called TMЈ͑99͒ [14] . The ⌳-values used (again in units of m ) with the AV18, CDBonn, Nijmegen I, and II potentials are ⌳ = 4.764, 4.469, 4.690, and 4.704, respectively.
For the AV18 potential we also use the Urbana IX 3NF [11] . That force is based on the Fujita-Miyazawa assumption of an intermediate ⌬ excitation in the 2 exchange [9] , which is augmented by a phenomenological spinindependent short-range part. This force is formulated in configuration space [11] . Refer to Ref. [28] for the partialwave decomposition of the Urbana IX 3NF in momentum space. In Figs. 6 and 7 the theoretical predictions for the five different NN potentials and their combinations with 3NF's are shown for the polarization-transfer coefficients and the induced polarization. The light shaded bands in Fig. 6 are the results of the Faddeev calculations based on the highprecision NN potentials, AV18, CDBonn, Nijmegen I, II and 93 only. The dark shaded bands in Fig. 6 contain the predictions of the four NN forces with the TMЈ͑99͒ 3NF. In each case the triton binding energy was adjusted to the experimental value. The solid curves in Fig. 6 are the theoretical predictions obtained using the AV18 potential combined with the Urbana IX 3NF. To avoid making the figure too complicated the predictions combining the five NN forces with the TM 3NF are shown in Fig. 7 together with the calculations of TMЈ͑99͒ 3NF. The TM 3NF predictions are shown as light shaded bands and the TMЈ͑99͒ 3NF ones are shown as dark shaded bands in that figure.
At first, theoretical predictions are separately compared to the data for the polarization-transfer coefficients K xx yЈ and K yy yЈ .
For K xx yЈ , the 3NF effects are rather modest and the differences among the various 3NFs are small. However, the data apparently prefer the 3NF predictions rather than the pure 2N force ones. The deviation of the 3NF predictions from those for the 2N forces is clearly pronounced for K yy yЈ , and the 2N band significantly overestimates the data at the angles c.m. = 90°-120°. The inclusion of the Urbana IX 3NF provides a good description of the data. Also the TMЈ͑99͒ does fairly well, whereas the TM provides a better description of the data. One can see clearly the difference between the data and the 2N force predictions for the polarization-transfer coefficient K xx yЈ − K yy yЈ . The 2N force predictions underestimate the data in the region of the K xx yЈ − K yy yЈ minima at the angles c.m. = 90°-120°. The inclusion of the Urbana IX 3NF as well as TMЈ͑99͒ removes these discrepancies. Also for the TM 3NF there is a good agreement between the data and theory. For K y yЈ at backward angles c.m. ജ 150°the data support the NN forces only predictions as well as the TMЈ͑99͒ and Urbana IX 3NFs ones. In the angular range of c.m. =90
‫ؠ‬ − 120 ‫ؠ‬ , a large discrepancy exists between the 2N force only predictions and the data. The inclusion of either TMЈ͑99͒ or Urbana IX 3NF shifts the calculated results in the right direction, but not enough to describe the data. The effects of the TM 3NF are also not sufficient to provide a good description of the data. For K xz yЈ the situation is complicated throughout the entire measured angular range and the data are not described by the theoretical predictions. At backward angles c.m. ജ 150°, the 2N band provides a moderate agreement with the data. It clearly deviates from the data in the minimum region around c.m. = 100°, but the predictions with 3NFs included do not explain this discrepancy. It is interesting to note that all 3NF models studied predict large effects in the region of this minimum, however the effects of the TMЈ͑99͒ and Urbana IX 3NFs are in opposite directions to those of the TM 3NF. For the induced polarization P yЈ the 2N band overestimates the data around the region of the P yЈ maximum. The inclusion of the Urbana IX or TMЈ͑99͒ 3NF brings the predictions closer to the data, while the TM 3NF provides large, incorrect effects. For the analyzing powers in p-d elastic scattering at incoming nucleon energies larger than about 60 MeV, a similar pattern of discrepancies between data and theoretical predictions is found [27, 28] . The predictions including the TMЈ͑99͒ 3NF, which were not presented in our previous study [21] , are compared with our deuteron analyzing powers at 135 and 70 MeV/ nucleon in Figs. 8 and 10 , respectively. A comparison of the vector and tensor analyzing powers to the TMЈ͑99͒ predictions shown in Figs. 8 and 10 reveals that the effects of the TMЈ͑99͒ 3NF are similar in size and directions to the effects of the Urbana IX 3NF, except for A xz at 135 MeV/ nucleon.
B. Summary of the comparison between d-p polarization data and theoretical predictions
In this section we would like to summarize the comparison of the theoretical predictions to d-p elastic scattering data reported here and in Ref. [21] . It encompasses all deuteron analyzing powers A y d , A xx , A yy , A xz , the proton induced polarization P yЈ ͑=−A y p ͒, and the deuteron-to-proton
and K xz yЈ . Generally, the discrepancies between the data and the pure 2N force predictions are clearly seen at the angles where the cross sections have minima. For the cross sections these discrepancies at the two energies considered here are explained by taking into account the 2-exchange type 3NF models [TM, TMЈ͑99͒, and Urbana IX]. Thus all 2-exchange 3NF potentials considered here [TM, TMЈ͑99͒, and Urbana IX] provide 3NF effects for the cross sections which are comparable in magnitude and sign. At higher energies, however, discrepancies remain in the minima and even more at backward angles, Refs. [19, 48] .
Spin observables can be grouped into three types. The Type I observables are the deuteron vector analyzing power A y d and the deuteron-to-proton polarization-transfer coeffi-
The deviations between the data and the 2N force predictions for these observables are explained by the inclusion of the 2-exchange 3NFs considered here [TM, TMЈ͑99͒, Urbana IX] similarly as in the case of the cross section. These observables provide clear evidence for 3NFs.
The Type II observable is the proton induced polarization P yЈ , which is equivalent to the proton analyzing power A y p ͑P yЈ =−A y p ͒. The TMЈ͑99͒ 3NF and Urbana IX 3NF describe the difference between the data and the 2N force predictions. The inclusion of the TM 3NF shifts the calculated results in the right direction, but the effects are too large. The nonzero c-term of the TM 3NF might be the origin of the incorrect 3NF effect. In order to see this more clearly, it is interesting to identify the effects due to the intermediate ⌬-isobar excitation which is the main part of the 2-exchange 3NF. Recently, the Hannover group carried out calculations which explicitly included the ⌬-isobar excitation in the framework of the coupled-channel approach [49] . In their calculations, the CDBonn potential was taken as the 2N interaction. One can get directly the ⌬-isobar effects (magnitude and/or direction) by comparing their predictions with and without the ⌬-isobar excitation. The results are shown in Figs. 11 and 12 . The ⌬-isobar effects are similar to those of the TMЈ͑99͒ and Urbana IX 3NFs for almost all observables except for A xx . This feature indicates that the poor agreement for TM in P yЈ of Type II is not due to the 2-exchange ⌬-isobar excitation. Since the main difference between the TM and TMЈ͑99͒ 3NFs comes from the nonvanishing c-term in the TM 3NF, this term is most probably responsible for the poor description of P yЈ by the TM 3NF. The Type III observables are the deuteron tensor analyzing powers A xx , A yy , A xz , and the deuteron-to-proton polarization transfer coefficients K y yЈ , and K xz yЈ . No calculation shows a superiority for these observables. Although large effects of 3NFs are predicted at the angles c.m. = 90°-120°, they are not supported by the data. It is interesting to note that the TMЈ͑99͒ and Urbana IX 3NFs provide very similar effects. On the other hand, the effects induced by the TM 3NF are quite different from the TMЈ͑99͒ and Urbana IX 3NF's ones. The Type III observables clearly reveal the defects of the present day 3NF models. To describe these spin observables one should look for other 3NF terms in addition to the 2-exchange 3NFs. At low energies, Witała et al. applied 3NFs based on -and -exchanges [50, 51] and investigated their effects on cross sections and spin observables for Nd elastic scattering [52] . It was found that the effects of the -exchange generally reduced the effects caused by the 2-exchange TM 3NF. The effects induced by -exchanges were negligible. It would be interesting to apply these -and -exchange 3NFs also at intermediate energies where the interferences might be different. Recently, new 3NF models called the Illinois models have been reported [15] and found to be successful in describing the binding and excitation energies of light nuclei with mass number up to A = 10. The models are an extension of the Urbana IX 3NF and consist of five terms: the two-pionexchange terms due to N scattering in S and P waves, a phenomenological repulsive term, and the three-pionexchange terms ͑V 3,⌬R ͒ due to ring diagrams with ⌬ in the intermediate states. The V 3,⌬R is a new type of 3NF and contains new spin dependent terms, such as ជ · ͑r ជ ij ϫ r ជ jk ͒ term. These spin dependent terms might explain Type III spin observables. It would be interesting to include these new terms into the 3N continuum calculations. The results of the coupled-channel formulations with the ⌬-isobar excitations are supported by the tensor analyzing power A xx [49] data, which are not well described by the TMЈ͑99͒ as well as Urbana IX 3NFs. This points to contributions which are not included in 2-exchange 3NF models.
As the incident nucleon energy increases one should not ignore relativity which becomes more and more important. Some indications on its importance was found in the analysis of the high-precision nd total cross section data [53] and in the study of backward angles of p-d elastic scattering cross section data at higher energies [19, 48] . The discrepancies between the data and nonrelativistic predictions become larger with increasing energy and cannot be removed by including different 3NFs [53] . Therefore, relativity might be another candidate to provide a solution for the Type III spin observables. Work along this line is in progress [54, 55] .
In chiral-perturbation theory at NNLO [56] the 2-exchange 3NF together with a one-pion exchange between a NN contact force and the third nucleon, and a pure 3N contact force occurs. This also suggests that the 2-exchange should be supplemented by the exchange of a pion together with heavy mesons and the exchange of two heavy mesons. In addition quite a few types of 3NFs appear at NNNLO, which have to be worked out. This will lead to additional spin-dependences, which will be required for the Type III observables.
VI. SUMMARY AND CONCLUSION
The deuteron-to-proton ͑d ជ + p → p ជ + d͒ polarizationtransfer coefficients K y yЈ , K xx yЈ − K yy yЈ (K xx yЈ , K yy yЈ ), and K xz yЈ were measured at 135 MeV/ nucleon in the angular range c.m. = 90°-180°. The induced proton polarization P yЈ was also measured. The statistical uncertainties are smaller than 0.03 for all the polarization-transfer coefficients, and 0.02 for the induced polarization P yЈ . The estimated systematic uncertainties for the polarization-transfer coefficients and the induced polarization P yЈ are about 8%. The induced polarization P yЈ was compared with the analyzing power A y p for the time-reversed reaction, 2 H͑p ជ , p͒ 2 H elastic scattering, measured at KVI. The data are consistent within the statistical uncertainties in the measured angular range.
In our previous study, the measurements of a complete set of deuteron analyzing powers were measured at incoming deuteron energies 70, 100, and 135 MeV/ nucleon, covering a wide angular range c.m. = 10°-180°. Also the unpolarized cross sections were measured at the same angles at 70 and 135 MeV/ nucleon. High-precision data have been obtained.
Our data are compared with predictions based on different modern nuclear forces in order to look for evidence of 3NF effects and to test present-day 3NF models. Based on the comparison of our data with pure 2N force predictions clear discrepancies, which increase with deuteron energy, are found for most observables, especially at the angles around the cross-section minimum. Including any of the 2-exchange 3NFs used in the present paper, the TM 3NF, the modified version of it TMЈ͑99͒, and the Urbana IX 3NF, can reduce the discrepancies observed for the cross section, for the deuteron vector analyzing power A y d , and for the polarization-transfer coefficient K xx yЈ − K yy yЈ (K xx yЈ , K yy yЈ ). Thus, these observables can be considered to provide a clear evidence for the 3NF effects. For the induced polarization P yЈ , the TMЈ͑99͒ and Urbana IX 3NFs explain the difference between the data and the 2N force predictions. On the other hand, the TM 3NF fails to describe this observable. This appears to indicate that the nonvanishing c-term of the TM 3NF, which should not exist according to chiral symmetry, is probably responsible for the failure of the model. For the tensor analyzing powers and the polarization-transfer coefficients K y yЈ and K xz yЈ , calculations fail to describe the data. Large effects of 3NFs are predicted at the angles c.m. = 90°-120°. However, the data do not support these predictions. Our results clearly reveal the defects of the present day 3NFs.
Finally, it should be noted that this is the first precise data set for the analyzing powers, and polarization-transfer coefficients for d-p elastic scattering at intermediate energies, which will provide a solid basis to test future 3NF models.
